Background Total hip arthroplasty (THA) has been associated with high survival rates, but debate remains concerning the best fixation mode of THA. Questions/purposes We conducted a randomized controlled trial (RCT) with 250 patients with a mean age of 64 years between October 1987 and January 1992 to compare the results of cementless and cemented fixation. Patients and Methods Patients were evaluated for revision of either of the components. One hundred twentyseven patients had died (51%) and 12 (4.8%) were lost to followup. The minimum 17-year followup data (mean, 20 years; range, 17-21 years) for 52 patients of the cementless group and 41 patients of the cemented group were available for evaluation. Results Kaplan-Meier survivorship analysis at 20 years revealed lower survival rates of cemented compared with cementless THA. The cementless tapered stem was associated with a survivorship of 99%. Age younger than 65 years and male gender were predictors of revision surgery.
Introduction
During the early 1980s, with THA becoming a much more established procedure, concerns surrounding the use of cement fixation started to surface. The longevity of the first-generation cementing techniques was being questioned, especially for young, active patients [12, 17, 50, 60, 62] . The more frequent occurrence of osteolysis, which in retrospect was erroneously attributed to 'cement disease', promoted the renewed interest in improved cementing techniques, improved cemented stem designs with different surface roughness and implant geometry, and in cementless fixation with ingrowth or ongrowth of bone to the stem. The first generation of cementless femoral stems produced mixed survivorships with problems being related to fixation failure, thigh pain, wear, and osteolysis [9, 11, 15, 18, 51] . Subsequent generations of uncemented femoral stems have been developed to address these complications and have achieved longevity at least comparable to that of their cemented counterparts with 10 or more years of followup [1, 2, 19, 21, 22, 29, 39, 43, 46, 48] . The authors of one paper suggested arthroplasties performed without cement were preferable to those with cement, especially in younger, more active individuals [53] . To date, there is no consensus on the best fixation mode for THA. In Sweden, most surgeons prefer to use cement fixation, whereas in North America and Australia, most surgeons prefer cementless fixation except when patients have severe osteoporosis or Dorr C-type morphologic features of the femur [3, 24, 27, 30, 37, 38, 47, 63] . Nonetheless, THA is reportedly one of the most cost-effective operations [52] .
A RCT seemed to be the best way to determine whether cemented or cementless fixation was superior in THA, minimizing selection bias and other confounding variables [35, 52] . We initiated such a RCT in 1987 for patients with osteoarthritic hips who met strict inclusion criteria. A THA system with a similar geometry and alloy for cemented and cementless fixation was chosen. At that time, titanium alloy was thought to provide the best fixation, also for cemented THA [6, 35, 52 ]. Short-term followup analyses at a minimum of 2 years (2-5 years) clearly showed the efficacy of cemented and cementless THAs in relieving pain and restoring function [52] . However, at midterm followup (mean, 6.3 years), issues such as increased polyethylene wear and loosening of the cemented and cementless acetabular sockets and the cemented stem were observed [35] . Because many patients undergoing THA live 20 or more years after their surgical procedure, long-term followup is critical.
The purpose of this study was to present longer-term followup of our RCT and to answer the following questions: (1) which mode of fixation, cemented or cementless, provided the best long-term overall socket and stem implant survivorship; (2) were there patient (age and gender), surgeon, or implant factors associated with poorer outcomes; and (3) were there lessons that we might learn from this unique RCT with up to 22 years of followup?
Patients and Methods
The study was performed between October 1987 and January 1992 [35, 52] . Briefly, patients with any age between 18 and 75 years were eligible for the study if they had osteoarthritis of the hip and were undergoing a unilateral primary THA that was performed by the two senior surgeons (RB, CR) using a direct lateral approach (Supplemental Table 1 . Supplemental Website Materials; supplemental materials are available with the online version of CORR). Randomization was computer-generated and stratified by surgeon. At initiation of the study, a total sample size of 300 patients was calculated to provide 80% power to detect a difference between the two groups of 3.25 points or greater in the Harris hip score and 10% in the 10-year revision rate [35] . Patients were evaluated for revision of either of the components and for availability to followup at a minimum of 17 years. If the patients did not have a minimum 17-year followup, they either were contacted by phone or the family physician was contacted for information regarding revision status and survivorship of the patient. Patients who had revision surgery of only one component, thereby leaving the other component in place, also were evaluated for the same criteria to determine the status of the retained component. We obtained prior approval of the Institutional Review Board of our hospital and all patients had signed informed consent for participation in the study.
A total of 250 patients were randomized to either a cementless (N = 126) ( 
No radiographic followup (7) Death (62) Lost to followup ( 7 7) Randomized (N = 250) [35] . The minimum followup was 17 years (mean, 19.5 years; range, 17-22 years). One hundred twenty-seven patients had died (51%), and 12 (4.8%) were lost to followup. Fifty-five female patients (47%) had died in comparison to 73 male patients (55%) (p = 0.098) at a mean of 13 years (range, 1-21 years) after the index procedure. The percentage of patients who had died differed between age groups. Greater than 80% of the patients who were older than 70 years at the time of surgery had died, whereas the death rate of the 50-to 65-year-old patient population varied from 10% to 35%. Thirty-one patients (12%) refused to continue with all of the health-related quality-of-life followups, but they continued to attend our regular followup clinics. Minimum 17-year followup data for 12 patients (4.8%) with a primary THA were not available and these patients were considered lost to followup. At initiation of the study, 53% of all data were from patients 65 years or older, but at final followup, only 36% of all available data were from patients 65 years or older ( Fig. 3 ). The data of only 14% (older than 70 years) to 35% (65-70 years) of patients 65 years or older were still available at final followup, whereas the data of 50% to 70% of patients between 50 and 65 years of age were available for evaluation at a minimum of 17 years. After 17 years, 60% of the available data were from patients between 50 and 65 years at the time of surgery (Fig. 3 ). The minimum 17-year followup data for 52 patients of the cementless group and 41 patients of the cemented group were available. Their mean age at final followup was 80 years (range, 61-96 years). Results for deceased patients and those lost to followup were not included as failed results in the survivorship analysis. The Mallory-Head total hip system (Biomet, Warsaw, IN, USA) seemed ideal for a RCT because the distinct cemented and cementless components were inserted with common instrumentation [6] . Both surgeons were experienced hip surgeons and had been using both systems before the presented study [46] . Both femoral stems were made from titanium (Ti) alloy. The ultrahigh-molecular-weight polyethylene (UHMWP) used was sterilized by gamma-inair sterilization. All femoral heads were 28 mm in diameter and fabricated from Ti alloy hardened by ion implantation, a technique popular in 1987. The cemented acetabular socket was nonmodular and backed with a Ti alloy metal backing. The modular, cementless, HexLox acetabular (14) to
Radiographic followup
No revision (76) (13) No radiographic followup (5) Death (53) Lost to followup (5) Fig. 2 An overview of the followup for patients in the cemented group is shown. At initiation of the study, patients were requested to attend the clinic every 2 years after the first postoperative year. Patients were assessed using validated diseasespecific scores of which the Harris hip score was used throughout the followup period [35] . AP radiographs of the pelvis and cross-table lateral radiographs of the hip were made preoperatively and at each followup. Component stability and wear of the polyethylene liner were assessed by one observer (KC) according to previously described criteria [13, 23, 25, 26, 29, 31, 36, 40, 45, 46] . A cementless stem was considered unstable if there was progressive subsidence or a circumferential radiolucent or radiodense line around the porous coating [31, 45, 46] . A cemented stem was considered unstable in the presence of cement cracks, subsidence, or fracture of the stem [22, 23] . The stem was classified as possibly loose if only radiolucent lines without migration were present [25, 26, 36] . The location of radiolucent lines around the cup was recorded in the three zones as described by DeLee and Charnley [13] . The radiolucent lines were categorized as no radiolucency or radiolucency greater than 2 mm [29] . Osteolysis was defined as a circular or oval area of distinct bone loss. Evidence of migration was measured on two consecutive radiographs. The acetabular component was considered loose if there was 3 mm or greater migration from either the interteardrop or vertical lines, or a change of 4°or greater in the abduction angle [40] . The cup was considered possibly loose if there were radiolucent lines in the three zones without migration being seen on two consecutive radiographs.
The different research questions were evaluated with the following statistical methods: (1) Similar to the Australian National Joint Replacement Registry, we made the distinction between major (component) and minor revisions (liner and head exchange) [3] . The Kaplan-Meier (K-M) predicted survivorship method was used to generate survivorship curves with 95% confidence intervals and to determine predicted cumulative survivorship at 5, 10, 15, and 20 years. Cox regression and K-M were used repeatedly with multiple end-point variables: any revision THA, aseptic revision THA, aseptic acetabular cup revision, aseptic femoral stem revision, and aseptic liner/head exchange. (2) As with the Australian National Joint Replacement Registry, age at surgery was dichotomized (younger than 65 or 65 years or older) to be analyzed as a categorical variable. Cross-tabulation with chi square and Fisher's exact test was used to determine significance in the distribution of age and gender across THA groups. This statistical method also was used to investigate revision rates across THA group, age category, and gender. Cox regression analysis was performed with THA fixation group, age, and gender as covariates to determine their effect on failure. (3) Based on the revision rates observed in this study, sample size calculations were made to assess the effect of excluding older patients (65 years or older) from a future RCT or changing the length of time for which patients are maximally followed up. Sample size calculations were done using nQuery Advisor 5.0 (Statistical Solutions, Saugus, MA, USA). Rather than assuming an exponential distribution for the events or dropouts, observed event and dropout rates at 1 to 20 years were used as input. Also, it was assumed that patients were followed for a fixed time (unless they dropped out early) and that after this fixed time, patients no longer are followed up, even if the study is still ongoing at that time. Sample size calculations were done using data for the whole population and for patients younger than 65 years. The calculations also were made for followups of 7, 10, and 15 years. The required number of patients per group to achieve 80% statistical power when assessing a log rank test at the 5% significance level was calculated. Finally, the Mann-Whitney U test for nonparametric data was used to determine differences in Harris hip score outcome between the two THA groups.
Results
Seventy-nine of the 238 hips available for followup (33%) were revised. The survivorship of cementless THA was significantly better than cemented THA from the 10-year followup term (p = 0.020) (Supplemental Table 3 . Supplemental Website Materials; supplemental materials are available with the online version of CORR). Forty-two of 42 (100%) cementless stems and 23 of 24 (96%) primary cementless sockets were radiographically stable at a minimum of 17 years. Twenty of 21 (95%) cemented stems were radiographically stable whereas only four of eight (50%) surviving cemented cups were radiographically stable after more than 17 years. None of the implants was revised for instability problems.
Cemented THA, age younger than 65 years at the time of surgery, and male gender predicted higher risk of revision and lower survivorship ( Table 1) . Age was associated with the largest risk of revision (p \ 0.001; risk = 3.21). Considering only aseptic socket revisions, age was the only predictor for an increased risk of revision (p = 0.035; risk = 9.39) indicating that patients younger than 65 years at the time of surgery were 9.39 times more likely to undergo a major socket revision. Cemented stem fixation (risk = 2.3) and younger age (risk = 2.5) were predictors for stem failure. None of the covariates were predictive for liner/ head exchange. Age at the time of surgery significantly influenced the revision rates of the THA systems with significantly more revisions in the younger age group (p\0.001) ( Table 2 ). In this age group, cementless sockets had significantly lower major revision rates (p = 0.01) ( Table 3 ). In the older age group, there was no difference in revision rates between groups (Supplemental Table 4 . Supplemental Website Materials; supplemental materials are available with the online version of CORR). The cementless stems had significantly lower failure rates regardless of age at the time of surgery ( Table 3) . The overall revision rates between genders were similar (Supplemental Table 5 . Supplemental Website Materials; supplemental materials are available with the online version of CORR). In males, the K-M survivorship of cementless stems was better (p \ 0.001). However, the survivorship of both THA systems was similar (p = 0.4) owing to the similar survivorships of the sockets (p = 0.2) ( Table 4 ). In females, the survivorship of the cementless THA was better (p = 0.001) on the femoral and acetabular sides ( Table 4) .
Sample size calculations were made using data for the whole population (aged 18-75 years) and for patients younger than 65 years. The required number of patients per THR group (cemented) p = 0.006 1.91 p = 0.937 p = 0.002 2.3 p = 0.894
Age (\ 65 years) p \ 0.001 3.21 p = 0.035 9.39 p = 0.001 2.54 p = 0.239 Gender (male) p = 0.011 1.83 p = 0.064 p = 0.051 p = 0.465 *risk to revision is reported only for variables that were significant in each Cox regression analysis. Significance level c p = 0.018 p \ 0.001 p = 0.010 p = 0.024 group to achieve 80% statistical power when assessing a log rank test at the 5% significance level was calculated ( Table 5 ). This calculation showed that the number of patients that should be included to detect a difference in survivorship between both THA designs depends on the expected followup period and the age of the patient population. Including only patients younger than 65 years in a RCT that is planned for at least 10 or 15 years of followup would require 60 and 40 patients, respectively, in each treatment group. However, the numbers would have to be 110 and 100 patients if patients 65 years or older also are included.
Discussion
RCTs are considered the gold standard for study design in evidence-based medicine [28] . Despite the lack of consensus on the best fixation mode for THA, we are not aware of any RCT that compared long-term survivorship of two different fixation modes in THA. The purpose of this study was threefold. First, we compared the long-term survivorship of the Mallory-Head THA either implanted with or without cement. Second, we aimed to evaluate which parameters might influence the long-term survivorship of both THA designs. Third, we assessed our long-term experience with this single-center RCT to set up guidelines for any future RCTs on THA. We note several limitations. First, one of the risks of initiating a long-term followup trial of a THA system is that the implant has become obsolete at finalization of the trial. Moreover, the failure mechanisms observed in this study are implant-specific and related to the known flaws of the designs used. However, some valid conclusions regarding the long-term survivorship can be drawn. Second, the calculated sample sizes for future RCTs can be considered as the minimum sample sizes because they are based on the comparison of designs that are in retrospect associated with important flaws and shortcomings. Comparing designs with a higher level of quality can require more patients be included or extending the followup time. Third, a possible criticism is whether the results are generalizable to other cemented or cementless THAs or to all surgeons. However, the identification of gender and age as important variables for implant survivorship are in agreement with the intermediate findings of the registries, which can be considered representative of the orthopaedic community at large [3, 38, 47] .
The Ti alloy, tapered stem was associated with an excellent 20-year survivorship with only one revision being performed for a periprosthetic fracture. None of the stems was revised for aseptic loosening. With this stem design, a survivorship at least comparable or even better than that of other cementless and cemented stem designs could be achieved [1, 2, 4, 5, 7, 8, 10, 21, 22, 29, 32, 34, 39, 43, 48, 49, 56, 58, 61, 62, 64] . It generally is accepted that a cemented metal-backed socket, a Ti femoral head, and a Ti alloy cemented stem inserted with a ream-and-broach technique are not optimal features for a cemented design to obtain good long-term survivorship. This also was shown in our study. The cementless socket design had a better survivorship than the cemented socket but less optimal RR SL b p = 0.003 p = 0.001 p = 0.003 p = 0.239 K-M SL c p = 0.001 p = 0.001 p = 0.001 p = 0.222 b = Significance for revision rate determined by two-way cross tabulation with Fisher's Exact test for significance; c = Significance for Kaplan-Mieier Survivorship determined by Breslow (generalized Wolcoxon) test of equality of survival distributions. RR SL = revision rate significance level; K-M SL = Kaplan-Meier significance level. results as compared with newer-generation cementless sockets [20, 32-34, 41, 44, 57, 59] . Initial cementless fixation was not the problem, but rather polyethylene wear and periacetabular osteolysis. The use of a single offset stem and a Ti alloy femoral head probably also contributed to the wear rates in our patients [14, 16, 42, 54, 55] . In this randomized controlled design we found age and gender to be important prognosticators for THA failure. This is in concert with some prospective reports and the registry data, however there were some interesting findings [3, 5, 47, 63] . First, we were not able to identify a difference in survivorship of sockets in the older age group. In other words, the cemented socket was more likely to survive the elderly patient, thereby obscuring the real shortcomings of the implant. This finding questions the efficacy of including elderly patients in long-term RCTs. Second, as a group, males did not have higher revision rates than females. However, there were differences between fixation modes within gender. The requirements of implants to withstand the activity level of patients thus are gender-specific with the most strenuous requirements being for male patients. As with age, the distinction between genders should be made in reports on THA survivorship. Some lessons can be learned from our RCT. First, only 73% of the calculated patients who had met the inclusion criteria actually participated in the trial. This problem might be easier to overcome in a multicenter trial. Second, at a minimum of 10 years, the difference in Harris hip score between groups was greater than 3.25, as the study was designed to find. However, this difference was not significant (p = 0.129) because of large variations. This indicates that multiple scores should be used, as the variability is probably score dependent. Third, the goal to identify a difference in survivorship of greater than 10% between groups was achieved by no earlier than 10 years of followup. The difference in survivorship between the stems was apparent at an early followup interval of 6 years [35] , but because the cementless socket also has nonoptimal features, it took 10 years before the survivorship of the cementless THA was better than the cemented THA. This followup term might even be markedly longer in case one would be comparing implants with improved design features. Fourth, older patients generally have lower activity levels and they are more likely to die before implant failure. Only 26% of all revisions were in the age group 65 years or older. We conclude that the efficacy of this RCT would have been greater if only patients younger than 65 years would have been included because 50% fewer patients would have been recruited without changing the conclusions of the study. However, the life expectancy of the contemporary patient population probably is higher than that of the same patient cohort from 20 years ago. We hypothesize that also including patients between 65 and 70 years of age probably would not decrease the efficacy of a future RCT.
We found that cementless tapered stems were associated with an excellent 20-year survivorship. We suggest that future projects can be enhanced by randomizing patients in specific patient cohorts stratified to age and gender in multicenter RCTs to speed up the recruitment process. Including only patients younger than 65 to 70 years might improve the efficacy of a RCT as this would require a considerably smaller patient cohort with the highest risk for revision and the best chance for long-term followup availability. A minimum 10-year followup period should be anticipated. Improving the efficacy of a RCT is not only cost-and time-efficient but also minimizes the number of subjects that are exposed to any potential risks or flaws associated with the investigated implants.
